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We have produced and detected molecules using a p-wave Feshbach resonance between 40K atoms.
We have measured the binding energy and lifetime for these molecules and we find that the binding
energy scales approximately linearly with magnetic field near the resonance. The lifetime of bound
p-wave molecules is measured to be 1.0 ± 0.1 ms and 2.3 ± 0.2 ms for the ml = ±1 and ml = 0
angular momentum projections, respectively. At magnetic fields above the resonance, we detect
quasi-bound molecules whose lifetime is set by the tunneling rate through the centrifugal barrier.
Much recent work with atomic Fermi gases has taken
advantage of the ability to create strong atom-atom in-
teractions through the use of magnetic-field Feshbach
resonances. A Feshbach resonance occurs when the en-
ergy difference between a diatomic molecule state and
two scattering atoms can be tuned to zero. This en-
ergy difference can be tuned with a magnetic field if
there is a difference between the magnetic moment of the
molecule and that of two free atoms. Experiments have
taken advantage of these tunable interactions to study
atom pair condensates in the BCS superfluid to Bose-
Einstein condensate crossover regime[1, 2, 3, 4]. While
this work involved pairing with s-wave interactions, there
are several reasons why the study of possible atom con-
densates with non-s-wave pairing is compelling. For a
p-wave paired state, the richness of the superfluid or-
der parameter leads to a complex phase diagram with
a variety of phase transitions as a function of tempera-
ture and interaction strength [5, 6, 7, 8]. Some of these
phase transitions are of topological nature [9], and have
been predicted to be accessible via detuning between the
BCS and BEC limits with a p-wave Feshbach resonance.
Furthermore, because p-wave resonances are intrinsically
narrow at low energies, due to the centrifugal barrier, a
quantitatively accurate theoretical treatment is possible
[5].
p-wave resonances have been observed in Fermi gases
of 40K atoms [10, 11] and 6Li atoms [12, 13] via measure-
ments of elastic scattering and inelastic loss rates. There
is also suggestive evidence for molecule creation in 6Li
using magnetic-field sweeps through the resonance [12].
However, it is still not known whether long-lived Fesh-
bach molecules with nonzero angular momentum can be
created from a gas of fermionic atoms.
In this Letter, we present evidence for the production
and direct detection of p-wave molecules created with a
p-wave Feshbach resonance. We measure the lifetimes
and binding energies of these molecules and perform the-
oretical calculations to interpret our results. We are able
to extend our measurements to the p-wave quasi-bound
state.
Our experiments were carried out using a quantum de-
generate 40K gas near a p-wave resonance between atoms
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FIG. 1: (color online) Line shapes for association to a bound
p-wave molecule using a sinusoidally modulated magnetic
field. For this data, B = 198.12 G. We find that the line
shape is asymmetric and has a width that depends on the
cloud energy EG, as defined in the text. The data are for
values of EG of 2.0 kHz (circles), 4.5 kHz (triangles), and 6.0
kHz (squares). To highlight the asymmetry and dependence
on EG, the total number of atoms, Natom, for each line shape
was scaled to one.
in the |f,mf 〉 = |9/2,−7/2〉 spin state, where f is the to-
tal atomic spin andmf is the magnetic quantum number.
We cool a mixture of |9/2,−7/2〉 and |9/2,−9/2〉 atoms
to quantum degeneracy in a crossed-beam optical dipole
trap using procedures outlined in previous work [14]. The
trap consists of a horizontal laser beam along zˆ with a 1
e2
radius of 32 µm and a vertical beam along yˆ with a 1
e2
radius of 200 µm. A magnetic-field points along the zˆ di-
rection and is held at B = 203.5 G during the final stage
of evaporation. The final conditions consist of 105 atoms
per spin state at a temperature of T ≈ 0.2TF , where
TF = EF /kb is the Fermi temperature and kb is Boltz-
mann’s constant. The final trap frequencies are typically
ωr/2pi = 180 Hz and ωz/2pi = 18 Hz, yielding EF /h ≈ 7
kHz. To probe the atom cloud, we turn off the trapping
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FIG. 2: Energy of the molecule as a function of magnetic
field for both the ml = 0 (open circles) and ml = ±1 (closed
circles) resonances. E < 0 corresponds to a bound molecule;
E > 0 corresponds to a quasi-bound state. ∆B is the detun-
ing from the ml = ±1 resonance position, which we measure
to be B = 198.3 ± .02 G. Linear fits give a slope of 188 ± 2
kHz/G for the ml = 0 resonance and 193 ± 2 kHz/G for
ml = ±1. The inset shows data for the ml = 0 resonance
that suggest some non-linearity near the resonance. These
data were taken all in one day to reduce the uncertainty in
the magnetic field.
potential, wait for a variable expansion time of 1.9 to 10
ms, and then send a 40 µs pulse of resonant laser light
through the cloud along zˆ onto a CCD camera. We ex-
pect that this resonant absorption imaging should only
be sensitive to atoms, and not to p-wave molecules.
To measure the binding energies of the p-wave
molecules, we resonantly associate the atoms into
molecules using a sinusoidally modulated magnetic field.
This method has been previously used to both dissociate
and associate s-wave Feshbach molecules [15, 16]. We
ramp the magnetic field to a value near the Feshbach
resonance and then apply a small sinusoidal oscillation
at a frequency νmod for a duration of 36 ms. The ampli-
tude of the modulation is a Haversine envelope to reduce
the power in frequencies other than νmod. As we vary
νmod, we observe a resonant decrease in the number of
atoms, Natom, in the |9/2,−7/2〉 state. Sample data sets
are shown in Fig. 1. We interpret the loss of atoms to be
caused by resonant association to the molecular state.
The line shapes we observe for association to bound
states are asymmetric and have widths that increase lin-
early with cloud energy, EG, which we obtain from the
width of a Gaussian fit to an expanded cloud. These line
shape features are characteristic of a narrow resonance
where the energy width of the atom cloud dominates over
any intrinsic width of the resonance. The asymmetry of
the line shape reflects the distribution of collision ener-
gies in the Fermi gas. For our measurements we used a
range of modulation amplitudes of 100 to 500 mG and did
not observe any significant amplitude dependent broad-
ening or shifting of the line shapes. However, for our
largest modulation amplitudes we observe harmonics of
the principal feature.
From the magneto-association line shape we can ex-
tract the pair energy, E, relative to the energy of free
atoms. Because the line shape shifts as EG is increased,
we extract the resonance position by measuring the fre-
quency for maximum loss at different values of EG and
extrapolating to EG = 0. This gives a correction whose
magnitude is approximately 3 kHz. In Fig. 2 we plot the
pair energy as a function of magnetic-field detuning.
As can be seen in Fig. 2, there is a splitting of
0.509 ± .03 G in the p-wave resonances for ml = 0 and
ml = ±1, whereml is the pair orbital angular momentum
projection onto the magnetic-field axis. This splitting is
caused by the magnetic dipole interaction and was first
observed in Ref. [10] and explained in Ref. [17]. For
both resonances, we observe a linear dependence of the
pair energy, E, on magnetic-field detuning.
With resonant magneto-association we find that we
can associate atoms into quasi-bound states above the
resonance, as well as into bound molecular states be-
low the resonance. These quasi-bound states are paired
states with positive energy and lifetimes set by the tun-
neling time through the p-wave centrifugal barrier. The
height of the barrier for 40K is h× 5.8 MHz, where h is
Planck’s constant. This tunneling time causes the widths
of line shapes for association to quasi-bound states to be
as much as three times greater than for bound states, for
data taken with similar initial cloud energies.
We have taken advantage of the tunneling of quasi-
bound pairs to observe the molecules. For these ex-
periments we use a spin-polarized gas of atoms in the
|9/2,−7/2〉 state to eliminate non-resonant collisions. A
pure spin-polarized gas is obtained from a 95/5 mixture
of |9/2,−7/2〉 and |9/2,−9/2〉 atoms by removing atoms
in the spin state |9/2,−9/2〉 with a slow sweep through
an s-wave resonance at a magnetic field B = 202.1 G.
Near this resonance, the large inelastic loss rates for high
density clouds ensure that nearly all of the atoms in the
|9/2,−9/2〉 spin state are lost [18]. The magnetic field is
then set to B = 199.7 G, and the optical trap depth is
lowered to reach 105 atoms. As the trap depth is lowered
to its final value, the spin-polarized Fermi gas is not able
to rethermalize because s-wave collisions are forbidden
by quantum statistics and higher-order partial wave col-
lisions are frozen out due to the Wigner threshold law.
A Gaussian fit to an expanded cloud yields energies of
approximately kb× 130 nK, kb× 70 nK, and kb× 230 nK
in the xˆ, yˆ and zˆ directions, respectively.
To detect molecules in the gas, we quickly increase the
magnetic field, in 10µs, to a value above the resonance
where quasi-bound molecules have a large positive en-
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FIG. 3: (a) Dissociated ml = ±1 molecules in the xy plane.
(b) Dissociated ml = 0 molecules in the xy plane. The bright
spot in the center corresponds to cold atoms that did not form
molecules. The color mapping for the cloud’s optical density
(OD) is shown on the right. In each image the dissociation
is done with a 10 µs linear ramp to a B-field value 850 mG
above the respective resonance. The expansion time before
imaging is 2.5 ms. Each image represents the average of 5-10
shots. To reduce high frequency noise, each pixel is taken to
be an average of itself and its four nearest neighbors. The
total number of atoms in the ml = ±1 images is 50% higher
than for the ml = 0 images. The images are consistent with
the expected angular distributions of sin2(θ) and cos2(θ) for
the ml = ±1 and ml = 0 states, respectively, where θ is the
angle from the zˆ axis.
ergy. The paired atoms then quickly tunnel out of the
centrifugal barrier and this energy is converted to kinetic
energy of atoms flying apart. We immediately turn off
the optical trap, expand for a variable time of 1.9 to 5 ms,
and take an absorption image. The result is a large en-
ergetic cloud of atoms surrounding the cold gas, as seen
in Fig. 3. We note that the 10 µs magnetic-field ramp is
much shorter than any trap period or collision time scale.
This is similar to the detection scheme used in Ref. [19].
The angular dependence in the distribution of energetic
atoms is consistent with p-wave pairing (see Fig. 3). We
have verified that the size of the energetic cloud depends
on the magnetic-field ramp, with faster ramps to higher
fields yielding larger clouds. To place a lower limit on
the molecule number, Nmol, we can sum the atom sig-
nal occurring outside of a certain radius surrounding the
cold inner cloud. Nmol is 1/2 the number of atoms found
outside this radius.
We have measured the lifetimes of p-wave molecules in
a spin-polarized gas as a function of magnetic-field de-
tuning from the resonance. We first create molecules by
quickly ramping the magnetic field to a value near the
resonance and then holding at that field for 1 to 2 ms.
The span of magnetic-field values for which we are able
to observe molecule creation is approximately 90 mG.
With this technique, we can transfer nearly 20% of the
initial atom population to molecules, as shown in Fig. 4.
For a lifetime measurement, after we create molecules, we
ramp the magnetic field to a test value and hold there for
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FIG. 4: (a) Measured atom number as a function of time that
the magnetic field is held at theml = ±1 resonance. (b) Mea-
sured molecule number for the same hold time on resonance.
The inset shows the timing sequence for this experiment. The
magnetic field is ramped to the ml = ±1 resonance, BRes, in
less than 100 µs and then held at that field for a variable
amount of time. At the end of this hold time we measure the
number of molecules in the gas using the dissociation tech-
nique described in the text (solid line). The number of atoms
not in molecules is measured by ramping the field below the
resonance where the molecules are deeply bound and then
expanding and imaging the atoms at this field (dashed line).
a variable amount of time before detecting the molecules.
We measure Nmol as a function of the hold time at the
test magnetic field. A sample lifetime curve is shown in
the inset of Fig. 5. We apply this technique to directly
measure the lifetime of both the bound and quasi-bound
states. The results of these lifetime measurements (cir-
cles) are shown in Fig. 5. Also shown in Fig. 5 are life-
times extracted from the widths of magneto-association
line shapes on the quasi-bound side (squares) [20]. On
the quasi-bound side, we find that the pair lifetime fol-
lows the expected τ ∝ E−
3
2 behavior for tunneling out of
a p-wave centrifugal barrier. The lifetimes on the quasi-
bound side of the resonance are well reproduced by a
standard multichannel scattering calculation, (see Fig.
5), provided that partial waves with l = 3 are included
as well as those with l = 1. The lifetimes so obtained
are about 1.6 times what would be predicted by a single-
channel calculation using the triplet potential energy sur-
face. This is because, in the multichannel case, the atoms
spend part of their time in higher-lying channels and thus
have fewer opportunities to tunnel.
On the bound molecule side, we observe that for
magnetic-field detunings as large as 1 G from the reso-
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FIG. 5: The lifetimes of p-wave molecules as a function
of binding energy. Circles indicate directly measured life-
times, while squares indicate lifetimes inferred from magneto-
association line shape widths. Data for the ml = 0 resonance
are shown in open symbols, whileml = ±1 are closed symbols.
The two dotted lines on the left indicate the averages of the
measured bound state lifetimes. The solid line on the right is
the theory curve for the quasi-bound lifetimes, as discussed in
the text. The inset shows a sample exponential lifetime curve
of the ml = 0 bound state taken at 1 G below the resonance.
nance, the lifetimes are independent of magnetic field and
therefore binding energy. The bound ml = 0 molecule
lifetime is measured to be 2.3±0.2 ms, while the lifetime
of molecules created on the ml = ±1 resonance is mea-
sured to be 1.0 ± 0.1 ms. Our multichannel scattering
model predicts magnetic-field independent lifetimes set
by dipolar relaxation rates. The predicted lifetimes are
8.7 ms for ml = 0 state, 6.8 ms for ml = 1 state, and 1.5
ms for ml = −1 state. The shorter measured lifetimes
may be explained by molecular collisions, however, we
have not yet been able to obtain experimental evidence
for a density dependence. The reason for this discrepancy
thus remains a challenge for future investigation.
This work has focused on the study of p-wave Feshbach
pairs away from the resonance where they are weakly
coupled to free atoms. In this regime, we have mea-
sured the pair lifetimes and binding energies and, with
the exception of the bound molecule lifetimes, find good
agreement with two-body theory. We believe that the
techniques and results presented here constitute a start-
ing point for attempts to study the many-body properties
of these gases near the resonance. Indeed, our data show-
ing pair creation on the resonance represents a first step
in studying the behavior of a quantum degenerate Fermi
gas in the presence of resonant p-wave interactions.
Unfortunately, in a 40K experiment, the short lifetimes
measured for the p-wave molecules make it unlikely that
one could make p-wave molecular condensates. However,
it may be possible to explore many-body physics on the
quasi-bound side of the resonance where p-wave inter-
actions are strongly enhanced and inelastic decay rates
can be much slower than the tunneling rate. Further-
more, our studies suggest that longer lifetimes may be
possible in other systems if a p-wave resonance occurs at
low magnetic field where dipolar relaxation rates could
be suppressed or in the lowest Zeeman state of the atoms
where dipolar relaxation would be energetically forbid-
den.
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